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1. STATEMENT OF THE PROBLEMS STUDIED

Five different problems are studied in this project. They are stated
briefly bolow:

(a) HETEROGENEOUS DIFFUSION AND THE COMPACT VOLUME METHODS

In this paper we study heterogeneous diftusion in the context of
heat conduction in laminated material, heat conduction with phase change
(the Stefan problem) and fluid flow in porous media (Richards’
equation). We discretize these problems via the compact volume method
(CVM). We lilustrate that this method is higher order accurate in the
flux error than traditional methods. The resuiting nonlinear algebraic
systems are approximated by different versions of the SOR and ADI
schemes. Vector and multiprocessing implementations were presented,
which indicated a suitability of these methods for high performance
computing.

(b) INDUCED CONTRACTIVE METHODS FOR FREE BVPs

in this paper we consider numerical schemes for the solution of
nonlinear algebraic systems which evolve from the discretization of the
Stefan problem, and from the filuid flow in a porous media problem,
Richards' equation. We presented analysis of induced contractive methods
for free boundary value problems. Both the AD!I and SOR versions
vectorize very well. In 3D problems with complicated nonlinear terms we
expect the ADI version to be more robust and to perform equally as well
as with the SOR version.

(c) NUMERICAL SOLUTION OF FLUID FLOW IN PARTIALLY SATURATED
POROUS MEDIA

This paper describes an SOR algorithm for solving the nonlinear
algebraic system which evolves from Richards' equation that models fluid
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flow in a porous media. The moisture content and hydraulic conductivity
functions are approximated by piecewise linear functions obtained from
field data. The resulting algebraic system is solved by a variation of the
nonlinear SOR algorithm. The advantage of this approach is that it avoids
some of the numerical oscillations associated with large derivatives in
the data. Numerical calculations are presented and illustrate the
following: (i) agreement of the numerical mode! with observed data,
(i) dependence and comparison results as a function of uncertain data,
and (ili) suitability of these algorithms for multiprocessing
computations via domain decomposition methods. Extension of these
algorithms to heterogeneous porous media fluid flow are discussed.

(d) A COMPACT FINITE VOLUME SCHEME FOR 2-D STEFAN PROBLEMS AND
VECTOR/MULTIPROCESSOR COMPUTERS

We consider both the compact finite volume and finite difference
space discretizations of the Stefan problem. The resuiting algebraic
systems are solved by nonlinear versions of ADI and SOR. Both algorithms
contain significant parailelism which is demonstrated on two
vector/multiprocessing computers, the Alliant FX/40 and the Cray Y-MP.
Numerical experiments indicate that the compact discretization and ADI
give the best accuracy with the minimum computational cost.

(e) A COMPARATIVE STUDY OF COMPACT FINITE VOLUME METHODS FOR
THE 2-D AND 3-D DIFFUSION EQUATIONS WITH FINITE DIFFERENCE ADI
AND SOR

Recently developed compact finite difference scheme (CPT) were
applied to two and three dimensional diffusion equations. The relative
merits of CPT-ADI were investigated with other computational schemes
such as finite ditference-AD!I and FDM-SOR. The numerical results
obtained from these three approaches are compared to known analytical
solutions. According to our resulits CPT-AD! was found to be a superior
scheme with regard to accuracy and speed.
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2. SUMMARY OF THE MOST IMPORTANT RESULTS: THREE MOST
IMPORTANT RESULTS ARE GIVEN BELOW:

(i) We have given an analvysis of induced contractive methods for free
boundary value problems. The SOR version and the ADI version of
Algorithm seemed to perform equally well. However, the SOR version was
very sensitive to the choice of SOR parameter, which contrasts with the
ADI method which was observed to be fairly robust with respect to its
acceleration parameters.

Both ADI and SOR versions vectorize very well, and as expected, in
3D problems with complicated nonlinear terms the ADI version was found
to be more robust but perform equally as well as with the SOR version.

(li) We have shown for a number of heterogeneous diffusion problems
that compact volume discretization method gives higher order error
estimates for both function and flux errors. Moreover, we have
illustrated that both the AD! and SOR algorithms can be adapted to solve
the resulting nonlinear algebraic systems. Vectorization and
multiprocessing computers were shown to be effective in executing these
algorithms.

in the applications to the heat conduction in a laminate materials,
the Stefan problem, and Richard's equation, we have indicated how one can
extend the compact volume method to 2D and 3D space problems. All these
problems are of current interest to physical scientists and engineers.
Moreover, the mathematical analysis of convergence problem using the
more complicated versions of CVM is currently needed.
(ili) The Richard's equation is approximated by the finite difference
method, and the empirical data for the moisture content and the hydraulic
conductivity were approximated by pieecewise Ilinear functions. The
resulting non-linear algebraic system is solved by a variation of non-
linear SOR iterative method.

Good convergence properties are observed for three types of
calculations which were chosen to demonstrate the feasibility of realistic




numerical simulations using the SOR iterative methods. These includes an
accurate simulation of fluid flow in Brindabella Loam, a sensitivity
analysis of the computed solution upon the empirical data, and the use of
multiprocessing computers via domain decomposition methods.

We expect the methods of this paper to generalize via the compact
volume method to the more complicated heterogeneous case.

3. LIST OF PUBLICATIONS AND TECHNICAL REPORTS:

The following scientific articles are either published or sent for
publication:

(i) Induced Contractive Methods for Free Boundary Value Problems, R. E.
White, B. N. Borah, A. J. Kyrillidis; sent for publication to the Journal
of Scientific Computing.

(it) Heterogeneous Diffusion and the Compact Volume Method, R. E. White,
B. N. Borah, A. J. Kyrillidis; sent for publication to Journal of Scientific
Computing.

(iiil) Numerical Solution of Fluid Flow in Partially Saturated Porous
Media, A. J. Silva Neto, R. E. White; sent for publication to Journal of
Mathematical Computing.

(iv) A Compact Finite Volume Scheme for 2-D Stefan Problems and
Vector/Multiprocessor Computers, Proc. Int. Symposium, Advances in
Aerospace Sciences and Engineering 1992 (Dec.), Bangalore, India, pp.
5-8.

(v) A Comparative Study of Compact Finite Volume Methods for the 2-D
Diftusion Equations with Finite Difference ADI and SOR, B. N. Borah, R. E.
White, A. J. Kyrillidis, S. Sankarlingham; IEEE Computer Society Proced.
of the Twenty-Fourth Southeastern Symposium on System Theory, 1992,
pp. 76-78.




(vi) A Comparative Study of Compact Finite Volume Methods for 3-D
Diffusion Equations with Finite Difference ADI and SOR; B. N. Borah, R. E.
White, A. Kyrillidis, S. Shankarlingam, Y. Ji, IEEE Computer Society, the
25th Southeastern Symposium on System Theory, 1993, pp. 1-5.

4. LIST OF PRESENTATIONS IN PROFESSIONAL MEETINGS AND
CONFERENCES:

(i) Two presentations in SIAM conferences (1992, 1993).

(iil) One presentation at the International Conference on Aero-Space
Science, Bangalore, India (1992).

(iii) One presentation at the 11th Army Conference on Applied
Mathematics and Computing, Carnegie Mellon University, Pittsburg, PA
(1993).

(iv) Three presentations in IEEE Conference (1992, 1993).

(v) One presentation at the Black College Expo, Washington, DC (1992).
5. LIST OF ALL PARTICIPATING SCIENTIFIC PERSONNEL,

SHOWING ANY ADVANCED DEGREES EARNED BY THEM WHILE
EMPLOYED ON THIS PROJECT:

The following senior faculty members have worked in this project:

(i) Bolindra N. Borah, Professor of Applied Mathematics (Principal
Investigator), North Carolina A&T State University, Greensboro, NC.

(i) Robert E. White, Professor of Mathematics (Co-Principal
Investigator) North Carolina State University, Raleigh, NC.




The tollowing graduate students have worked in this project:
(i) Archimedes Kyrillidis, has completed his M.S. degree in Applied
Mathematics in 1991 and a Ph.D. candidate at North Carolina State
University, Raleigh, NC.

(ii) Saikumar Shankarlingam, will be completing his M.S. degree in
Applied Mathematics at the end of the Fall Semester, 1983.

(ill) Chardwick Sharp has completed his M.S. degree in Applied
Mathematics in 1992 and is employed in industry.

(iv) Yanzhu Ji, will be completing her M.S. degree Iin Applied

Mathematics in the Spring, 1994. She has already secured employment
with an insurance company.




6. APPENDIXES




ATTACHMENT #1 Induced Contractive Methods for the Free
Boundary Value Problems




Induced Contractive Methods for Free BVPs3

by

R. E. Whitel, B. N. Borah2, A. J. Kyrillidis!

Abstract. In this paper we consider numerical schemes for the solution of
nonlinecar algebraic systems which evolve from the discretization of the Stefan
problem, and from the fluid flow in a porous media problem, Richards' equation.
Both problems generate systems of the form E + At A B(E) = d where B(E) is continuous
and nondecreasing. In the Stefan problem A will be aconstant symmetric matrix.
For Richards' cquation A will, in general, be nonconstant and nonsymmetric.
However, in both cases A is an M-matrix. We consider nonlinear SOR and nonlinear
ADI schemes which may be implemented on vector/multiprocessing computers.

Subject Classifications. Primary 65H10; Secondary 76S05, 76T05.
1 Depaniment of Mathematics, North Carolina State University
2 Department of Mathematics, North Carolina A&T State University
3 Sponsored by the Army Research Office, RTP, NC, Contract No. DAAL03-90-G-0126
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§1. Introduction. The primary objective of this paper is the
development of algorithms which are applicable to the Stefan problem and 1o
Richards' equation for fluid flow in a porous media, see Richards [6], Freeze and
Cherry [1], and Paniconi et al. [5]. Both these problems have similar formulations,
and therefore, some of the algorithms which have been used for the Stefan problem
may be applicable to the more complicated Richards' equation. In Silva Neto and
White {7) and [8) a local nonlinear SOR algorithm was used for the numerical solution
of Richards' equation. In the present paper we describe methods which evolve from
the contractive algorithm in R. E. White [11], and this is reviewed in the second
section of this paper. Here we describe nonlinear SOR and nonlinear ADI iterative
methods which can be used for two and three space dimension problems. We will

emphasize the implementation on vector/multiprocessing computers.

In the contractive algorithm the linear solve step can be approximated by an
iterative method, and an induced contractive scheme is formed. This results in a
nonlinear nested iteration which is described in section three. In sections four and
five we study, as special induced contractive mecthods, the nonlincar SOR and ADI
schemes.  Section six contains numerical illustrations for the Stefan problem. In
section seven the similarities of the Stefan problem and ot Richard's equation are
discussed. = Computations are done which illustrate that this method gives good
comparisons with the computed and with the observed moisture data for Brindabella
loam [10). The last section contains the conclusions and recommendations.

§2. The Contractive Algorithm. In this paper we consider
nonlinear problems of the form

E+AAB(E)=d (1)
where
d,Ee ®N,
A e RNxN,
B(E) = [Bi(Ep] € RN,
BiR =% i=1,..,N

For the Stefan problem E is the enthalpy and B(E) reflects the temperature. The
horizontal part of Figure 1 corresponds to the latent heat.

9




B(E)

Figure 1. B;(E)

Problems of the above form evolve from the implicit time discretization of
nonlinear parabolic equations. The matrix A is from the eclliptic part and is usually
an M-matrix, see [4], or a symmetric positive definite (SPD) matrix. Here we
emphasize the M-matrix case where A may not be symmetricc The SPD matrix case
can be studied in the context of monotone mappings, see sections 6.4 and 12.1 in [4]).

The function B(E) = [B;(E;)] € RN where Ei.l_ii > 0 has the following properties:

(Ei-Ej 1 2 Bi(Ep - BiEj.  ¢1>0, 2.1
Bi(Ej) -Bi(Ej) 2 c2 E;-E;). 220, (2.2)
Bi(Ej) 2 c3 E;. c3>0. 2.3)

The standard example is from the Stefan problem, but many other physical problems
can be put into the above form, see [2]. Later we will emphasize the case evolving
from fluid flow in porous media, see (1].

In [11] an alternate problem was proposed so that (1) could be solved via
successive approximations. It has the form
E+AtA(E)E=d (3)
where
A(E) = [a;j (Bj(Ej) /E})] and
A= [aij].




The following algorithm was swudied in {11} There the ajj where functions of E, bul

for the present we assume they are constants.

Algorithm 1. Contractive iteration. Consider (3). The successive
approximation is

EMm+1 = (1 + At A(EM))-! d » GEM).

If At is small enough, then p(At A(E)) <8< 1 forall E> 0, and consequently,
one can write (I + At A(E))"! in the form of a geometric series. This fact and some
technical arguments were used to show that G is a contraction on some box in RN. In
practice the constraint on At does not seem to be severe. The following is a special
case of the theorem in R. E. White [11].

Theorem 1. Consider problem (3) and Algorithm 1. If A is an M-matrix in (1)
and each B; satisfies (2.1) - (2.3), then for suitably small At, G(E) is a contraction on

some box [e, 2Nl oo)N.
In two and three space dimensions, the solve step will most likely be done by

an iterative algorithm. Later we shall focus on the SOR and ADI algorithms.

§3. Induced Contractive Method. Let S ¢ RN and G:S—S be
contractive with 0 < ¢ < 1 and

l6E)-GEL sdE-F..
Suppose G is as in Theorem 1 where

S = (€0, 2 idleo]N and
G(E) = (1 + At A(E))-! d.
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Algorithm 2. Induced contractive iteration. Let!l+ At A(E) = B(E) - C(E)
be a splitting that defines a new map G:S-—-)S

G(E)=EX
where
EO=E,
Ek = B(E)'! C(E) Ek-1 + BE)'! d and
1<k €K
Theorem 2. Let the assumptions of Theorem 1 hold. If IIB(!E)‘l CE)ioo €0«

for all E € S, then there exists a constant K > 0 such that Em+! = G(Em), where E0 ¢ §
and G is given by Algorithm 2, converges to the solution of Eg = G(Es) € S.

Proof. Let H = BE)'! C(E) and H=BE)C(E).
GE) =HEK-14B-14

=HKE+[I+..+HK-1)B14¢

=HKE+@-HK)q-HylB-14d

=HKE+0-HK)B (@-H)1ld

= HK E + (1 - HK) G(E)

= HK (E - GE)) + G(E)
If E = Eg = G(Es), then G(E,) =E,.

G(E)-G(E) = HK (- G(E) + G(E) - H*(E -G(E))-G(E)
= HK €& - GE)) - H*(E-G(E)) + GE) +
HXE-G(E) - A*E-GE)) - GE)
= HX(E-E) - HX(G(E)-G(E)) +6E) - G(E) + (HX -A*XE-G(E))
Let E = EM with E™! =G(E™), and E = Eg = G(Ey).
Em+l.E;  =G(EM)- G(Eg)
= HK (EM . Ey) - HK (GEM) - G(Ey)) + GEM) - G(Es)

By the assumptions on H and G, we have

NEM+1 . Eglleo < (8K + 8K ¢ + ¢) IEM - Eglle,
Since 8, ¢ < 1, we may choose K so that 5K + §K ¢ + ¢ S(1+c)/2= 8<1.
Thus IIEM+1 - Eglleo < § IEM - Eglleo < 5™*! IED - Eglleo.




Corollary. Suppose p(B(E)'! C(E)) <1 forall E€ S. Then EM converges to Eg provided
K = K(m) is suitably large.

Proof. Since p(B(E)"! C(E)) < 1,
H(E)X = (BE)'! CE)NK - 0asK — .
NEM+] . Egllee € (IHH(EM)Klioo + IHEM)KIIgo ¢ + ¢) IEM - Eglloo,
For large enough K = K(m) we have
NEM+] . Eglleo < 8 UEM - Eglloe < 8™+ IED - Eglleo, where & = (1 +¢) /2.

§4. Nonlinear SOR. In this section we consider the SOR version of the
splitting in the induced contractive method in Algorithm 2. If 0 < w S 1, then
Algorithm 2 conaverges to the solution of (1).

Theorem 3. Let assumptions of Theorem 1 hold. Consider the SOR splitting

1;"’ @ + At D(E)) + At U(E))

1
I+AtA(E)=(6(l+AlD(E))-AtL(E))-(
Moreover, if At is further restricted so that I + At A(E) is uniformly strictly diagonally
dominant, then we may choose K independent of m.

Proof. I+ At A(E) is an M-matrix, and this splitting is a weak regular
splitting for all E € S. Thus p(H(E)) < 1, and by the above Corollary E® must converge
to Es provided K = K(m) is suitably large.

If we restrict At so that I + At A(E) is, uniformly with respect to E € S, strictly
diagonally dominant, then we can show that the assumptions of Theorem 2 hold. This
is done by standard method and is, for © = 1,

. —Azgaﬁw)
IB(E)"C(E)]_ < max I+ 8o (B) -5 o E) <

j<i

é<l.
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§S. Nonlinear ADI. In 1his section we consider the ADI version of the
induced contractive method in Algorithm 2. Here the analysis is based on M-
matrices, as contrasted with SPD matrices in Orntega and Rheinboldt (4]. Later this will
be useful as the analysis does not require symmetric matrices for the application to
Richards’ equation.

Let A=H + V and A(E) = H(E) + V(E) where H and V represent the grid rows and
grid columns, respectively. H = (1/2) 1 + At HE) and V = (1/2) I + At V(E) so that
AE=H+ V.

Theorem 4. Let the assumptions of Theorem 1 hold. Consider the ADI splitting

1+ At A(E) = B(E) - C(E)

where
BE);!=@Il+ V)l I+@I-H)(@I+ H)l}] and
C(E) = A(E) - B(E).

There exists a constant ag such that if @ 2 ag 2 0, then Algorithm 2 converges to the

solution of (1).

Proof. We shall show that the splitting is a weak regular splitting of the
M-matrix I + At A(E).
BE)=(@I1+ V)l [I+(@I-H) @I+ H)!]

=(al+ \7)‘1 (el + fl)+(ul- ﬁ)] (al+ l‘-‘l)'1

=(@I+ V)l @al @I+ H)L
By the conditions on B(E) there exists a] < O such that for a 2 a1, al+ Vadal+H
are M-matrices. Thus B(l:‘.)‘l 2 0. Moreover, there exists a2 2 0 such that for a 2 a2,
al- fl,al- V2 0. Thus for a 2 ag = max (a1, a2)

B(E)! CE) =(al+ V)l (@l- H) @I+ H) 1l (@I- V) 20.
By the Corollary to Theorem 2 Algorithm 2 converges to the solution of (1).

§6. Numerical Experiments for the Stefan Problem. In this section

we consider the numerical solution of a one-phase Stefan problem in two space
dimensions where the domain D = (0,1) x (0,1) x(0,T), T = 1/¥2. The exact solution of




Eq - B(E)xx - B(E)yy = 0

where
E+l, E<-1
B(E) = 0, -1<E<0
E, E>0

is

{ct-mm(ny).. 1, t=-(WN2)(x+y)20
1, t-(IV2) (x +y) <0

The initial condition on E and the Dirichlet boundary condition on B(E) are
implicitly given in the above formula for E. The space variables were discretized by
the traditional five point finite difference method resulting in the nonlinear
algebraic system (1). We compared the performance of the SOR version of the
induced contractive algorithm, denoted simply as FDM-SOR, with the ADI version of
the induced contractive algorithm, denoted as FDM-ADI. The computations were on
the vector/multiprocessing computer Cray Y-MP. The Cray was used as a single
processor.

The parameters set for this algorithm specified the number of nodes in each
direction, the acceleration variables and the error tolerance. For our experiments,
the number of nodes was the same for each space and time direction. Thus, the time
step size is approximately forty times the maximum allowable time step size for this
test problem and for the explicit method.

Both the FDM-SOR and the FDM-ADI methods showed the same pattern with
respect to the number of iterations for convergence. The tolerance values were set
at €in = 10'5.50.,1 = 10-4, for the inner and outer iterations, respectively. The number
of outer iterations was three, in all refinements considered of a basic 256 cell (16 x
16) spatial discretization, which we will subsequently refer to as the basic problem.
The number of inner iterations can be considerably decreased by the correct choice
of the acceleration parameter.  For the SOR version of Algorithm 2 we used © = 15,
1.6, 1.7, and 1.8 for the number of cells = 256, 1024, 4096, and 16,384, respectively. For
the ADI version of Algorithm 2 we used a = 4.0, 6.0, 8.0, and 10.0 for the number of cells
= 256, 1024, 4096, and 16,384, respectively.




Our intent was not to determine an optimal value for the acceleration
parameter but rather to determine an appropriate value at which the inner
iterations are minimal for our test problem. Our numerical experiments showed that
the appropriate value of w varied between 1.5 and 1.8 for all refinements of the basic
problem. Our numerical experiments showed that the value of the acceleration
parameter a increases considerably with successive refinements of the basic
problem.  Experiments showed that a can be chosen without much consideration,
which is an advantage of the FDM-ADI version of Algorithm 2.

Table 1. CPU time (secs) on Cray-YMP,
Algorithm 2/SOR

Jalg 2 \ cells .

serial

vector

In our experiments we used two versions, scrial and vector, of the codes that
ran on the vector/multiprocessing computers. The purpose here was to determine
the degree of vectorizability for each method. Tables 1 and 2 show the CPU times for
both algorithms to solve each of the successive refinements of our basic mesh. In
the case of FDM-SOR method the traditional red-black ordering of the nodes allows
effective vectorization. In the case of FDM-ADI method we implemented the vector
version of the basic tridiagonal solver.

Table 2. CPU time (secs) on Cray-YMP,
Algorithm 2/ADI

alg 2 \ cells

serial

vector

9
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Tables 1 and 2 illustrate that the FDM-SOR method exhibits higher speed-ups as
compared to those of the FDM-ADI method. The CPU time of the vector FDM-SOR
mecthod was the smallest. Some of the larger CPU time for the FDM-ADI method is
attributed, in this case, 10 the computation and storing of the components of A(E).

Next we considered a version of the ADI method that uses variable a. The
calculations of the variable a were done using the scheme in [9] where a = At and b =
1/ax2. Although this scheme was designed for a particular boundary value problem,
it did work well for our nonlinear problem and was fairly robust. Table 3 shows the
CPU times for the vectorized SOR, ADI with constant a, and ADI with variable a. As the

number of unknowns increases, the merits of the ADI method with variable a become
clear.

Table 3. CPU times for Algorithm 2

lalg\cells 256 1024 4096 16 384
SOR ;

ADI

ADI var a

§7. Fluid Flow in a Porous Media: Richards' Equation. Richards'
equation for fluid flow in a porous media was first formulated in 1931, see [6). It is a
nonlinear parabolic equation for the pressure head = ¥ where

h=¥ +2z,

and h is called the hydraulic head. The gravitational direction is given by z. Darcy's
Law is used to form

O(¥) - V-K(¥) Vh =0 where

K = hydraulic conductivity and ® = moisture content. They are empirical functions of
Yy, see [1] and [3] and Figures 2 and 3




K(¥)

03

>

k4

Figure 2. K = K(¥) = hydraulic conductivity

>

b 4

Figure 3. © = 6(¥) = moisture content

In references [1] and [3] it is noted that the above curves may differ according
to "wetting” or "drying", and the slopes can be large, The functions can be
approximated by rational polynomials of order 4 or 5. This is done so that traditional
analytic methods can be used; however, this introduces some approximation errors
and the functions are expensive to compute.
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Richards' Equation.

O(¥) - V-K(¥) V¥ = K(¥),

Robin boundary conditions are typical and have the form K(\P)% given when n is a

unit outward normal to the surface.

In a recent paper by Paniconi et al. [5] several numerical methods were
described, and some numerical experiments in one dimension were done. In the
cases were the slopes of 8 and K were large, numerical difficulties were encountered.
The moisture function ©(¥) is analogous to the enthalpy function E which is a
discontinuous function of temperature in the Stefan problem. This suggests that one

may be able to apply the following moisture formulation of Richards' equation.

Let E = 6(¥) and apply the Kirchhoff transformation to the hydraulic
conductivity.

b 4
u=F¥) = [KPHT,

Yo
v = Fl(u),
. E=6Flu)),
B(E) =u and

¥E) = K(©-1(E)).

Then Richards' equation can be written in terms of E where E is the primary
unknown and represents the moisture.

Moisture Formulation of Richards' Equation.
Ey- A BE) = WE),
Here the term on the right side makes this a little more complicated than the

Stefan problem. There are essentially two cases: either the derivative of y is not too
large, or the derivative is large or even a jump discontinuity occurs.




In the first case we may write Y(E)z = Y (E) Ez where 0 < Y(E) < M < 0. A

reasonable implicit time discretization, say in one space dimension, is for E; from the
present time step and for E, from the previous time step

E-E 1
S (BE )+ 2B(E) ~ BE.) -

Y (E)
—~—(E,,-E)=0.

5 ( i+l 1)
Here the coefficient matrix is more complicated than in (1), but it is still an M-matrix

and the more general contractive algorithm in [11] can be used.

The second casec is when ¥'(E) is so large that y(E) appears to have jump
discontinuities. This is common once the space variables have been discretized. A
special case has been studied by A. Friedman {2] where existence of a weak solution to
the continuum problem is established. There for H = the Heavyside function

e(¥Y)=a¥ + H(Y - ¥g),
K(¥) = k1 + (k2 - k1) H(¥ - ),
¥Y90=0,k2=2and k] = 1.
Then the one space dimension form of Richards' equation is
(a u + H(u)) - uxx = H(u)x.
Let E = a u + H(u) and B(E) = u so that E = a B(E) + H(u), H(u) = E - a B(E) and

Et- Ex - B(E)xx + a B(E)x = 0.

A reasonable discretization has the form of (1) or (3). Under some constraint on Ax
A(E) will be an M-matrix, and the theorem in [11] will be applicable. In this case,
A(E) is tridiagonal, and hence, there is no need to use an induced iterative method.
In higher space dimensions the induced iterative methods will be more desirable.




The above approximation of the empirical functions is very restrictive. In [7]
and [8] more accurate approximations are used so that diffusion of the fluid in a

partially saturated medium can be calculated. A slightly less accurate approximation
which will track a wet-dry interface is as follows. Here we have set y, =0.

e_{alwop v<0

ay+6, y20
and

k., y<0
K-{km w20

In our calculations we shifted the horizontal axis to the right so that € and K have
the graphs given in Figures 4 and S. We used the K(€) form of the hydraulic
conductivity because it is continuous.

4

&(u)
6
2
e1
er
ur “1 u

dry wet

Figure 4. 6(u)
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Figure 5. K(u)andK(6)

After using the Kirchhoff transformation, Richards' equation has a moisture
formulation form where

135




LE E<g
k,

BE)= %o,, 0,<E<6,

91(5-02)+%e,, 6,<E

Lk,
and
k, E<§,
K(E)= (@—k,)(ff_%)u,, 6, <E<8,
k,, 6,<E.

For the one space variable problem we have

E,-B(E),-K(E),=0 ,0sxs1:>0
withboundary conditions
B(E),+K(E)=R ,x=1:>0
B(E),+K(E)=0 ,x=0,1>0
andinitial condition
E=6, ,0sxs1t=0.

The discretization for the interior cells is

E -E,

—'&—wy( ~B(E,,)+2B(E) - B(E.,.)) - —(K(E.ﬂ) K(E) =0.

The matrix in (3) is formed in a similar way, and for the interior cells

__1BED
JI-I(E) AX E‘-‘
- ﬁ(E) K(E)
ai.i(E)"" sz (2 E.‘ E" ) and
G (E) =~ BEi) 4 7y K Ein),

“ACTE, E,

i+l

The two end cells incorporate the boundary conditions in the standard way.

16




In the following calculations we used the parameters that reflect Brindabella

loam:

No flow from sides or bottom
Ar=.125[hr] with 40 time steps
Ax =.300 / 20{m] with 20 grid cells

@ = 1.2 the SOR parameter

6. =.11 = residual moisture

6, =.27 = from the moisture data
6, =.485 = saturated moisture

k =10"¢

k, =.022

R=0.0165[m/ hr)= flow fromtop €, 6 =10~ absolute error for outer.

€, =10"° absolute error for inner SOR

On the average 3 or 4 inner itcrations and 5 to 8 outer iterations were required
for convergence. Figures 6a and 6b indicate the computed and observed moistures.
In Figure 6b the diamonds, triangles and squares represent the observed data at the
times 1.0, 2.25 and 5.0 hours, respectively. Note the agreement as the front
progresses from the top (left) to the bottom (right). Once the bottom starts to fill the
In [7]

the later stages of this arec modelled, but the calculations are more costly than in the

hydraulic conductivity increases and the diffusion becomes more important.

above model.

' ——— time=1.0

. s time=2.25

molsture
o
N

P time=5.0

0.15 1

0.1 T
0.05 T

30 ¢
45 4
60 1
75 {
90
105
120
135
150 ¢
175
190
205 -
210 ¢
235 ¢+
240 {
255 ¢
270 +
285 -
300 -

depth

Figure 6a. Computed Moisture
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Figure 6b. Observed Moisture

§8. Conclusions. We have given an analysis of induced contractive
methods for free boundary value problems. The SOR version and the ADI version of
Algorithm 2 seemed to perform ecqually well. However, the SOR version was very
sensitive to the choice of SOR parameter, and this contrasts with the ADI method
which was observed to be fairly robust with respect to its acceleration parmater.
Both the ADI and SOR versions vectorize very' well. In 3D problems with
complicated nonlincar terms we expect the ADI version to be more robust and to

perform equally well as with the SOR version.

The numerical examples were given for the two space variable Stefan
problem. Application of these methods to Richards' equation was outlined. For a one
space variable flow through the Brindabella loam we showed that the computed and

observed moisture were in good agreement.

18
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Abstract. In this paper we study heterogeneous diffusion in the context of heat
conduction in laminated material, heat conduction with phase change (the Stefan problem) and fluid
flow in porous media (Richards' equation). We discretize these problems via the compact volume
method (CVM). We illustrate that this method is higher order accurate in the flux error than
traditional methods. The resulting nonlinear algebraic systems are approximated by versions of the
SOR and ADI schemes. Vector and multiprocessing implementations are presented, and they
indicate that these methods are suitable for high performance computing.
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§1. Introduction. In this paper we consider diffusion problems in
heterogeneous materials. We use the compact volume method (CVM), which was introduced in
M. E. Rose [5], to discretize the governing differential equations. The advantage of CVM,
relative to the traditional methods such as finite differences, finite elements or boundary element
methods, is that CVM is higher order, in both the solution and the flux errors, accurate. Here we
illustrate quadratic convergence in errors in 1D problems related to heat conduction in a laminate,
heat conduction with phase change, and fluid flow in a heterogeneous porous media.

We do not give a theoretical analysis of the convergence. However, the resulting algebraic
systems are more carefully studied. Some iterative methods are described, and criteria for their
convergence are given. Vectorization and multiprocessing issues are discussed.

In section two we describe the CVM for linear heat conduction problems with discontinuity
in the thermal conductivity. Sections three and four are applications to the Stefan problem. In
section four we describe the CVM with the heat balance equation at the solid-liquid interface and
develop a scheme which converges quadratically for the solid-liquid interface, the solution and the
flux errors. The fifth section is an application to Richards' equation in 1D where the hydraulic
conductivity is piecewise linear in the solution and has a jump discontinuity in the space variable.

§2. CVM for Linear Problems. In this section we review the general form of
CVM as presented in M. E. Rose [5). For problems of the form -uyx = f Rose proved quadratic
convergence in both u and ux. In order to establish the general form, consider the following
example:

“uxx =f and u(0) = 0 = u(1).
¢t = om ¢m ¢ m ¢
ug ur u3 U4 us ug u7

We partition the [0, 1] interval into 4 cells. The even nodes are inserted to insure continuity
of the flux at the cell boundaries. Each cell has iength equal to 2 h.

(9]
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i = odd: -[BHER o STSm)aohg, and

Uip] —U; _ U;— U

i =even: . B ikl

The resulting algebraic system has the following form when u = [Uodq, Ueven]T Where ugqq is the
vector of odd nodes and ueven is the vector of even nodes.

D, -C,|uu]_[a
[‘sz D, :[“m]-[dz]

where
! 1
1 1
CE 1 D=1
1 1
1
C12=’2%1 : 1 Gy =szT

1
dl=h2[fx L [, fd]T' d,=[0 0 O]T'

In this case the coefficient matrix is irreducibly diagonally dominant, an M-matrix and also
symmetric positive definite. Therefore iterative methods such as SOR and ADI can be used.
Moreover, when ordering the nodes as even or odd, the matrix has the form as in the red-black
ordering for the FDM. Consequently, vector pipelines can be effectively used.

The coefficient matrix has a block structure which makes it easy to use block Gauss
elimination. For example, in the above we may eliminate uy44 to get

[D2 - C21 D11 C12] ueven =dz + C2; D171 d] (2
where

The following theorem is a well known generalization of the above.




Theorem 1. Consider the algebraic system in (1). If Dy and D, - C;; D! C;, are nonsingular,
then (1) has a solution and it is given by (2) and Dj uedq = di + Cj2 Ueven.

The next example illustrates CVM where the media is heterogeneous, that is, the coefficient
in the differential equation has a jump discontinuity with respect to the space variable.

Example 1. Heat Conduction in a 1D Laminate.
-(k(x) ux)x = 10 x(1 - x),

u(0) =0=u(l) and

_J1, x<0.5
K ={3 Ny

The solution is formed by requiring u and k uy, to be continuous at x = 0.5. Both ihe CVM
and the FDM were used. The FDM has n cells and n - 1 unknowns and the CVM has n / 2 cells
and n - 1 unknowns. Tables 1 and 2 illustrate, for this example, that the FDM has both function
and derivative errors of order h while the CVM has both errors of order h2.

FDM:
B S I e i R
where 1<i<n and k&%=%(k(xi) +k(xigy)):
CVM:
i = odd: - [k =Rk S =2,
where ki, =k(xy;3€), €>0 and
i = even: | g ke B el =

h h

where k¥=k(x;x€), £>0.
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Table 1. FDM for Heat Conduction in Laminate

n \ error Fct. Error Flux Error
8 0.002456 |0.159°566
16 0001227 |0.081413
32 . loodi001
128

Table 2. CVM for Heat Conduction in Laminate

n \ error Fct. Error Flux Error
8
16
32
64
128

The CVM generalizes to the 2D domain in the obvious way when a rectangular grid is
used. If an irregular 2D domain is required, then one may use a variation of the boundary element
method (see E. K. Bruch [1]) and finite element method (see R. E. White [10]). For example, if
we wish to use triangular elements and linear shape functions on -V-k Vu = f, then we can insert
an additional center node (node o) in each element (These are analogous to the odd nodes in the 1D
case), see Figure 1.
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- Figure 1. CVM for 2D Element

First, we apply the boundary clement idea to each element and solve for u at each center
node. This amounts to applying the Divergence Theorem to each clement. Let q = -k Vu. Then

integrate V-q=f overe
J[wa=ffe

By the Divergence Theorem

Lq-nds=”:f.

Here we assume u is known at the nodes 1, 2 and 3. The u can be expressed as linear function
above each subelement ¢, €2 and e3. Thus, the above boundary element equation has just u at the
center nodes as the only unknown.

Second, we form the equations for each unknown at the vertex nodes of every element
(These are analogous to the even nodes in the 1D case). This is done by requiring q to be
continuous at each edge of every element. This takes the form of 3 simultaneous equations for
every element, and these are easily solved. One can also combine the four equations and
simultaneously solve for the four unknowns in every element. In either case the resulting system,
via assembly by elements, can be solved directly or iteratively.
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§3. Application to the Stefan Problem. The FDM when applied to free BVPs
generates nonlinear algebraic problems of the form

E+AtABE)=d

where A is a matrix associated with the elliptic part. The compact volume method, CVM, as
described in [6, 7, 11] generates a larger system of the form

Llg
|, [ Dy —C,Z][B(E)]___[dl] &
0 -Cy Dy jl © da|

where D, D, are diagonal matrices, Cy2 and Cy, are rectangular matrices. B(E) is as in the FDM
and is the temperature at the center of the cells. And u is the temperature at the boundary of the
cells. The diffusion equation for each cell (i = odd) is

Ei 1 [uu-BE) BE)- ui—l] _
Kt‘?ﬁ[ PE) BBty %)
The flux continuity equation at cell boundary (i = even) is
1 [BEi)-u;  u;—PBE)]
-3 [ o - 5 ] =0. (5)

Equation (3) should be viewed as a first version of the CVM method. We will want to write it in
the alternate form, as in the FDM,

I
&® o [E]_[dl] ©
-Cy® D, |1t |%

(E)
E

B®
©®

where D, (E) = diag [di P (:‘)]=D, BE)  nd Cyy(E) = Cy,

In two and three dimensions the problem is more complicated, but it appears that ADI schemes will
be useful in approximating the solution to such problems.




Consider the simplified problem (6). If D, is nonsingular, then we may solve for
u= D3 [dy + Cy(E) E}

[ 1

Then - Cn2 D3 Cy(E) + DI(E)] E=d,+C;3D7'd; ang
I ) (E) -
2+ @1-Ci D3 Cy) “B-E—J5=d1 +C2 D dj.
E -1 q
Or, y +(D,~Cy3 D3 Cyy) B(E) =d. @)

Thus, the reduced problem in (7) has the form

E -~ -
KE+AB(E)—d

where A is a symmetric M-matrix. Provided A and d have been computed, SOR and ADI methods
as described in section 6.4 and 12.1 in [3}, will be applicable.

A more direct approach is to consider the initial problem in (6). Algorithms 1 and 2 are

- contractive as in the discretization given for the FDM, see [11].

Algorithm 1. Contractive.

I 1
! K—t+D1(E"') -Cj2 d,
= &

1
u™ —Cn(E™) D,

®

D, C;

Theorem 2. If
-C; D,

is an M-matrix, then for suitably small At, Algorithm 1 converges

to the unique solution of (6).




Algorithm 2. Induced Contractive.

I
Z—t+D1(E) 'Clz

Let =B(E) - C(E) be a splitting of the matrix in (6).
-Cy(E) Dy

En+l.0 En
Let [ ] = [ n } and define the iterates for O<k < K-1
u

un+l.0
F E-ﬂ.hl T _ - E-ﬂ.t
e By T b ®
B Eunl B Euﬂ.l
and um+l ] = un+l.K }

The next theorem is a direct application of the results in [11].

Theorem 3. If p(B(E)-! C(E)) <6 < 1 and the assumptions of Theorem 1 holds, then for K
suitably large Algorithm 2 converges to the solution of (6).

Example 2. One phase Stefan Problem in 2D and Algorithm 2.
In this example we use Algorithm 2 to compute the numerical solution of a one-phase

Stefan problem in two space dimensions where the domain D = (0,1) x (0,1) x(0,T), T =1/ V2.
The exact solution of

E:- B(E)xx - B(E)yy =0

where
E+1, E<-1
B(E)={ 0, -1<E<0
E, E>0

is
E {c"(””)(’“’)')—l, t—-(IWN2)(x+y)20
-1, t—(INZ) (x +y) <0




The SOR splitting. Note this is vectorizable because D; and D, are diagonal matrices. The
block structure in (6) reflects the red-black ordering. Vectorization is easily implemented.

The ADI splitting. Here the nodes in (6) must be reordered to reflect the classical order. For
the above example the unknowns will be ordered as

[Eln u2’ E3’ U4, Es: Ug, E7]T

This gives collections of independent tridiagonal systems, and hence, vector versions of tridiagonal
solvers can be used.

This example illustrates the SOR and ADI splitting of Algorithm 2 on the above Stefan
problem. We compared the performance of the SOR version of Algorithm 2, which we will denote
simply as CVM-SOR, with the ADI version of Algorithm 2, denoted as CVM-ADI. The
computations were done on the Cray Y-MP. The parameters set for Algorithm 2 specified the
number of nodes in each direction, the acceleration variables and the tolerance. For our
experiments, the number of nodes was the same for each space and time direction. Thus, the time
step size is approximately forty times the maximum allowable explicit time step size for this test
problem.

The tolerance values were set at €;, = 103, €5y = 104, for the inner and outer iterations,
respectively. We considered four refinements of the spatial discretization, and these were forn =
16, 32, 64, and 128 celis in each direction. Our intent was not to determine an optimal value for
the acceleration parameters but rather to determine an appropriate value at which the inner iterations
are minimal for our test problems. For the CVM-SOR method numerical experiments showed that
the appropriate values of W were 1.5, 1.6, 1.7, and 1.8 for n = 16, 32, 64 and 128, respectively.
For the CVM-ADI method numerical experiments showed appropriate values of acceleration
parameter o were 4.0, 6.0, 8.0 and 10.0 for n = 16, 32, 64, and 128, respectively. Experiments
showed that a can be chosen without much consideration, which is an advantage of the CVM-ADI

version of Algorithm 2. We also considered a version of CVM-ADI that uses a more sophisticated |

acceleration scheme with variable o;.
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Table 3. CPU time (secs) on Cray Y-MP, for CVM-SOR

alg 2\n n=16 n=32 n = 64 n=128
serial 0.06 0.76 10.27 125.58
vector 0.02 0.12 1.14 12.11

In our experiments we used two versions, serial and vector, of the codes that ran on the
Cray. The purpose here was to determine the degree of vectorizability in each method. Tables 3
and 4 show the CPU time both algorithms took to solve each of the successive refinements of our
basic mesh. In the case of CVM-SOR method the block structure of the problem reflects the
tradiuonal red-black ordering of the nodes and thus allows for effective vectorization. In the case
of CVM-ADI method we implemented the vector version of the basic tridiagonal solver.

Table 4. CPU time (secs) on Cray Y-MP, for CVM-ADI

alg2\n __n 16 n
seriall |0
vector 013

32 n=64 n =128

Clearly the CYM-SOR method exhibits higher speedups as compared to those of the CVM-
ADI method. Both methods exhibit good accuracy. As noted above we also considered a version
of CVM-ADI that uses variable acceleration parameters, ;. Table 5 shows the CPU time of the
vectorized CVM-SOR, CVM-ADI and the CYM-ADI with variable a;'s, denoted as ADIv. Here
we see that the variable a version of CVM-ADI is competitive with CVM-SOR, and the CVM-
ADIlv seems to be more robust than the CYM-SOR. These results are consistent with those in [11]
where the FDM is considered.

Table 5. CPU times of the Versions of Algorithm 2

alg\n n=16 n=32 n=64 n=128
SOR i e e

11




The single sweep ADI method also works quite well for two dimensional CVM
discretizations of the form (6). Let

D, -Cy;
=H+V,
-Cy Dy
T .
| @
H= +H and
0 0
1 :
=m0
V= + V.
t0 0

ﬁ(’E) and V(E) are consistent with the notation in (6). Then we can write

) {
aDi1®  -Cpp

=1 +H®E)- - VE) =1+ VE)-a-fE).
-C(BE) D,

From here one can use the two step ADI sweeps (See Rose [6]), or implicit single ADI sweeps as
follows.

Algorithm 3. Single ADI sweep.

Consider the time dependent CVM method where a sequence of algebraic problems of the
form (6) are considered. Let n = time step. The single sweep ADI method is for E= (E, u)T

(a1+HE2) B2 = (o 1- VE) B +d and 10.1)

(o I+ V(Er+)) Bt = (@ I - HE12)) Br12 4 g, (10.2)

The nonlinear problems (10.1) and (10.2) may be approximated via the contractive




mapping; for example, in (10.1) with d the right side of (10.1)

Bkl = (@ 1+ H(EW)1 d.
Here o must be suitably large and can be used adaptively to obtain optimal convergence.
Example 3. One phase Stefan problem and Algorithm 3.

This example illustrates Algorithm 3 and the use of vector/multiprocessing computers.
Consider the above 2D one phase Stefan problem. The computations in Table 6 were done on an
Alliant FX/40 and Cray Y-MP. The Alliant FX/40 has two processors each with vector pipelines
and 170 nsec clock cycle time, and the Cray Y-MP was used with one CPU, vector pipeline and 4
nsec clock. ’

The CVM space discretization allows effective use of independent tridiagonal solvers in
cither the form of vectorized tridiagonal or multiprocessing tridiagonal algorithms. In the case of
the Alliant FX/40 both versions were used for the (2 cpu, vector) calculations. Table 6 records the
computing times (sec) for n cells in each direction and five different computer configurations.

Table 6. ADI and CPU Times

computer \n
Alliant (serial)
Alliant (vector)

Alliant (2 cpu, vector)
Cray (serial)
Cray (vector)

§4. Application to the Stefan Problem: Higher Order Approximation.
A more complicated problem, in one dimension, is the combination of (6), (11), (12) and (13).
Here we will use an nonlinear SOR scheme and use the generalization of M-matrices to M-
functions as described in section 13.5 of [3). More importantly, we will want to consider the
location of the solid-liquid interface; here the flux is not continuous as in (5).
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Suppose that at some iteration we observe B(E,) > u; and B(E;) < u;. Between x; and x,
there must exist an s such that B(E at s) = u;, see Figure 2.

temp. ‘

Figure 2. Phase Change

Thus (5) must be modified in three ways.
At x;,we are in a liquid cell [xg, s] and

%_ - —lxo lufs__ﬂ,(::l) _ '5(151:l - uol =d,. an
At s, we have the classic heat balance equation and

-9 =["‘S'_Bf" - B‘f:)_;“‘]. (12)
At x,, we are in a solid cell [s, x5} and




Definition: The CVM for the one dimensional free BVP has the form of (6) supplemented with
equations (11), (12) and (13).

The reader will note that equation (12) is a cubic with three distinct real roots. If we require
|s—~5]<h, (14)

then we must select the middle root. The condition in (14) is a discretization of |§{Ar < & which has
been noted as an important constraint to avoid oscillations near the solid-liquid interface, see [7].

Figure 3. Solution of the Cubic Equation (12)

This seems to be a CFL type condition for the moving solid-liquid front. The analysis of
(3) or (6) can be done in either the context of

D, Cpp
-Cy Dy




being a M-matrix or a SPD matrix. For the M-matrix case the system consisting of (6) coupled
with (11), (12) and (13) is most likely an M-function, see [3]. Consequently, nonlinear SOR
methods are applicable. Indeed, careful inspection of Figure 2 gives the off-diagonal antitone and
the diagonally isotone conditions for the component of the system for the unknown interface. The
other nodes have equations which are similar to the reduced enthalpy formulation of the Stefan
problem, and the reduced system is known to be an M-functions.

Algorithm 4. Enhanced SOR for two phase Stefan problem.

Consider (6), (11), (12) and (13) where the nodes i = 1 and 2 represent a possible change in phase
at some point in the iteration, require |s — 5| < h so that we must chose the center root of (12):

do an nonlinear SOR sweep of (6)
solve (12) for the center root
solve (11) and (13)

repeat until convergence.

The advantage of the more general CVM problem (6), (11), (12) and (13) is that the order
of convergence is higher than (6), or the FDM. This has been observed for a number of
experiments for one dimensional problems. The extension to two or three space dimensions will
be a little more challenging. It appears that the solid-liquid interface condition in higher dimensions
can be decoupled into equations similar to (11), (12), and (13). This suggests that a nonlinear
ADI scheme can be developed. In each direction a SOR algorithm similar to Algorithm 4 can be
used. Thus, we hope for two and three space dimensions, to be able to obtain higher order
convergence of the discrete problem to the continuum problem, and to be able to more accurately
locate the solid-liquid interface. The above schemes have a large portion of independent parts, and
hence, high performance computing can be used.

Example 4. Two phase Stefan problem and solid-liquid interface.
E, - B(E)xx =0
where
E, E<l1
BE) =11, 1SE<2.
(E-2)+1, E>2
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The boundary and initial conditions were chosen so that the following was the solution

27, X<t

e, x2t

E=

The solid-liquid interface is given by s(t) =t. In the calculation we started at t = 0.2 and
ended at t = 0.37. Over this time interval the average function and flux errors were tabulated as
well as the approximate value of the solid-liquid interface. Tables 7 illustrates quadratic (Ax2)
convergence for At = Ax2 and this example, in the solid-liquid interface error and the function
error. The convergence of the derivative error was at least linear (Ax) in all cases.

Table 7. CVM for Stefan Problem with At = Ax2

n\ error s Error Fct. Error Der. Error
20
40
80
160

Even if the criteria on At is relaxed, the errors remain relatively small as is illustrated by

“Table 8.

Table 8. CVM for Stefan Problem with At = 0.1 Ax

n \ error s Error Fct. Error
10
20
40
80
160




§5. Application to Richards' equation. Richard's equation describes fluid
flow in a porous media and was initially formulated in L. A. Richards in 1931 [4]. Presently, it is
being extensively used in ground water modeling and in contamination modeling, see R. A. Freeze
and J. A. Cherry [2]. This equation has strong nonlinear terms in the empirical functions for
moisture and hydraulic conductivity, see [11]. Moreover, the porous media are often
heterogeneous; that is, they are dependent on space position and often have discontinuities in the
space variable. A simple 1D example of the steady state Richards' equation is as follows where u
is the pressure and k(x,u) is the hydraulic conductivity.

Example S. Richards’ Equation in 1D.

-(k(x,u) ux + k(x,u))x = f(x)
where

u(0) =0, u(l) =1+ a; + ap and

3u+0.5, x<0.5

kix,u) = {u +1, x20.5"

The right side was chosen so that

x4, x<0.5
ux)={" ,
X +a;x+ay, x20.5

was a solution. The constants a; and ag were chosen so that u and k ux + k were continuous at x =
0.5. The CVM has the form

i=odd: "[km ﬁﬂ;:—u' -k, EL:'h_u';" +ky - k.'-x] =2hf,
where k,, =k(x,, F&,u,,), €>0 and
i=even: k' L W h. L k' =k L il SR k~

where k*=k(xteu), €>0.

The € > 0 are used to insure the hydraulic conductivity is taken from the appropriate cell.
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Table 9. CVM for Richards' Equation

n\ error Fct. Error k uy + k Error
8 005583 0,09952[ i
16 001861 0.05490
32 5 o1

64

128

In the calculations recorded in Table 9, n / 2 are the number of cells, and there are n - 1
unknowns. Nonlinear SOR was used with the hydraulic conductivity being updated as soon as
any variables were computed. The function and flux = k ux + k errors were the max norm at the
center of the cells and cell boundaries, respectively. Inspection, of the table entries indicate the
CVM has quadratic convergence in both the function and flux errors.

The above example illustrates a fluid flow in a porous medium which has two layers where
the pressure does not vary over a large range. Hence the hydraulic conductivity is a piecewise
linear function of position and pressure. Extension to the time dependent 2D problem where the
empirical functions depend only on the pressure are given in [11] and its references. These results
combine to suggest that the general problem can be solved in the present context.

§6. Conclusions. We have shown for a number of heterogeneous diffusion
problems that the CVM discretization method gives higher order error estimates for both the
function and flux errors. Moreover, we have illustrated that both the ADI and SOR algorithms can

. be adapted to solve the resulting nonlinear algebraic systems. Vectorization and multiprocessing

computers can be use to effectively execute these algorithms.

In the applications to the heat conduction in a laminate material, the Stefan problem, and
Richards' equation we have indicated how one can extend the CVM to 2D and 3D space problems.
All these problems are of current interest to physical scientists and engineers. Moreover, the
mathematical analysis of convergence for the more complicated versions of CVM is certainly
needed.
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ABSTRACT A
This paper describes an SOR algorithm for solving the nonlinear algebraic system which
evolves from Richards' equation that models fluid flow in a porous media. The moisture
content and hydraulic conductivity functions are approximated by piecewise linear
functions obtained from field data. The resulting algebraic system is solved by a variation
of the nonlinear SOR algorithm. The advantage of this approach is that it avoids some of
the numerical oscillations associated with large derivatives in the data. Numerical
calculations are presented and illustrate the following: (i) agreement of the numerical
model with observed data, (ii) dependence and comparison results as a function of
uncertain data, and (iii) suitability of these algorithms for multiprocessing computations

via domain decomposition methods. Extension of these algorithms to heterogeneous

porous media fluid flow are discussed.

The calculations were done at the North Carolina Supercomputing Center.
2Supported by CNPq and Promon Engenharia from Brazil.
3Supported by U. S. ARO contract number DAAL03-90-G-0126.




1. INTRODUCTION

The study of fluid flow in porous media has several important applications in
engineering (Kaviany 1991 and Nield and Bejan 1992). Specific examples are: filters for
industrial use, or separators in aerospace fuels (Kaviany 1991). use of geothermal energy
(Rae et al. 1983 and Kimura 1989, 1989a); oil recovery (Bear 1972), groundwater
(Mark 1992, 1993 and Clothier et al. 1981) and agriculture (Feng 1993).

Industrial chemical or radioactive effluents are sometimes deposited at the surface
or in drums that are buried underground. In both normal operations and in accidental
conditions, it is required to give an analysis of the transport of the contaminants through
the soil (Muralidhar 1990, 1993). The first step in this analysis is the mathematical
simulation of fluid flow through the soil.

Richards (1931) developed an equation that is a combination of the continuity
equation and Darcy's law (Philip 1969), and it models fluid flow in a porous medium. It is
a nonlinear parabolic partial differential equation which contains the empirical functions

for moisture content 6(h) and hydraulic conductivity K(h).

&h), -V -K(h)Vh-K(h), =0 in Qx(0,T) (1a)

where h is the hydraulic pressure head, z is the vertical direction and € is the space

domain. The boundary condition of the third kind has the form
| K(hYV (h+ 2)]-n = given in Sx(0,T) (1b)
where n is the unit outward normal to  and S is the boundary of Q. The initial condition

1S

h=given fort=0 in Q. (Ic)




In general the equations (la-ic) are coupled with a parabolic system of equations for the
transport of a number of contaminants through the soil (Freeze and Cherry 1979 and Feng
1993). This is done by using the fluid velocity v = K(h)V(h + z) which is computed from
the above system.

In practice the empirical functions for moisture content and hydraulic conductivity
have several troublesome properties. First, they can have large derivatives, and this is
often the case for hydraulic conductivity. Second, they are not precisely known. Third,
they can have strong space dependence with jump discontinuities resulting from
heterogeneous porous media. The objective of this paper is to give an approach to these
problems which is based on methods used for the Stefan problem (Silva Neto and White
1993). Particular attention will be given to the first problem where there is no space
dependence. In the case of space dependent empirical functions, one can use additional
nodes and the continuity condition on the fluid velocity (White et al. 1993) to generalize
the methods of this paper. -

Traditional methods for the solution of (la-1c) use an approximation of the
empirical data by exponential functions (van Genuchten and Nielsen 1985). Then
numerical methods such as Newton, Picard, or Lees implicit factored method can be used
for problems without large derivatives (Paniconi et al. 1991). In addition to addressing
the above problems, the approach of this paper does not involve expensive function
evaluations and does eliminate the numerical oscillations associated with large derivatives
of the empirical functions.

In section two we present the general approach to the problem which is adapted
from the Stefan problem. Here the empirical functions are approximated by piecewise
linear functions which reflect the field data (White and Broadbridge 1988). The partial
differential equation is discretized by the finite difference method, and the resulting

nonlinear system is solved by a nonlinear SOR algorithm (Cryer 1971) which is described

in section three.




Numerical experiments are presented in sections four. five and six. and these
experiments were chosen to demonstrate the feasibility of realistic two dimensional
simulation of porous flows. Later, we indicate how one can extend these methods to three
dimensional and heterogeneous porous flows. We show agreement of the numerical
model with the field data from Brindabella silty loam soil. Also, we show how one can
develop comparison results which deal with the uncertain empirical data. High
performance computing issues are described. Here we demonstrate that the algorithm in
section three does not vectorize well, but it does work well for multiprocessors when

domain decomposition methods are used. Finally, we state our conclusions and related

work.

2. DISCRETE VERSION OF RICHARDS' EQUATION

In this section we state the finite difference discretization of Richards' equation and
make some comparisons with the Stefan problem. If in equation (la) the last term is
eliminated, and h were to represent temperature with K now denoting the thermal
conductivity and O the enthalpy, then this would be the enthalpy formulation of the Stefan
problem (White 1985). In the Stefan problem the K and 6 have jump discontinuities at the
phase change temperature. SOR methods can be effectively used provided the
overrelaxation is not applied during a cell's phase change.

In Richards' equation we will approximate K and 6 by piecewise linear functions
which could be viewed as a number of "linear phases" associated with the nonlinear flow.
As in the Stefan problem we will apply the SOR method provided the cell is not changing
"linear phase." Table 1 gives some data for Brindabella loam which was extrapolated
from the graphs in White and Broadbridge (1988). Note, both 8(h) and K(h) are

monotone, and K(h) has large derivatives.




Table 1: Brindabelia Data

h o(h) K(h)

{m]} [fraction] [m/hr]
-8.0 0.11 0.0

-1.2 0.27 0.000118
-0.8 0.30 0.000 327
-0.7 0.31 0.000 457
0.6 0.32 0.000 664
-0.5 033 0.001 138
04 0.34 0.001 693
03 0.36 0.002 326
-0.2 0.38 0.004 568
-0.1 042 ~0.011117
0.0 0.485 0.118 000

In Silva Neto and White (1993) two "linear phases” were used and were coupled
with the Kirchhoff change of dependent variable. Although this was a crude
approximation of the data, it did track the wet-dry interface where a rapid transition from
unsaturated to saturated regions occurs. In cases where either the transition is not rapid
or there is space dependence of the data, the Kirchhoff transformation is not applicable.
In the following w = ase an implicit time discretization of Richards' equation.

ﬂ"—’g—"’—’ ~ (K()h, ), - (K(h)h, ), - K(h), = 0 )

where h is known from the previous time step. Here we are in two space dimensions, and
y is the vertical direction.

Next we discretize the space variable by the finite difference method. In the
calculations that we later discuss, we consider a two dimension flow with zero flow
through the sides and bottom, and nonzero flow through the top. The finite difference
grid is illustrated in Figure 1 where the nine types of boundary celis are indicated. Here

there are N = 3 cells in each direction and N2 = 9 unknowns.
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Figure 1: Finite Difference Grid

Let (i,j) denote the location in the finite difference grid. Then the general form of
the finite difference equation at this location is ‘

d,-c,h, =T(h,) 1sisn andlsjsn. 3)

If (1) is an interior node, then

F(h,) = 9‘:;-/) Ky

Ay
1 1
G, = (K:-m.; + K:—m.} )Z_XT + (Kumz + Ku—m )F

é&h,,) 1
di.l = —Z"}_ + (Kmn.lhm.j + Kl-m.;ht-u )Z'x'z_

1

+ (K:,/»uzhl./‘l + Kl.j—llzhl,]-l )'A';z_

1
+ K(hi.j~1 )A—y .




In the above equation we used the convention that K. .. .. is the average of the

hydraulic conductivity at the appropriate surrounding nodes. We also will assume that the
surrounding nodes are evaluated at a "previous iteration" value. Thus equation (3) is a
piecewise linear system as illustrated in Figure 2. Both the piecewise linear approximation
of the moisture content and hydraulic conductivity functions are monotone, and so, I
must also be monotone nondecreasing. Since the term on the left side of equation (3) has
negative slope, equation (3) has a solution, and it is unique. In Figure 2 the data is
depicted as being continuous, but this need not be the case. Even if I'(h) has a jump and
remains nondecreasing, one can still solve for a unique h (Silva Neto and White 1993).

I'(h)

Figure 2: Solution of Equation (3)

3. NONLINEAR SOR ALGORITHM

The following algorithm has evolved from the work by Cryer (1971) for set valued
systems of equations that may come from models of the Stefan problem. We apply a
variation to the system given in (3). The following variables are used:

maxit = number of allowable SOR iterations per time step,

n,,n,= number of cells in the x and y direction,

o,w = overrelaxation (larger than 1.0) and underrelaxation (less than 1.0) .




Nonlinear SOR_Algorithm

for k = 1. maxit

fori=1.n,
forj=l.n,
compute ¢, . and d, ; as given in (3)
solve for h in (3) as given in Figure 2
if h and h, ; are in the same linear phase, then
h,=(-o)h,;+ah
else
h,=(l-o)h, +oh
endif
end loop j
end loop i
test for convergence -
end loop k.

In the computation of the ¢ and d values one must consider the nine types of cells
as indicated in Figure 1. For more complicated geometric configurations and for
heterogeneous porous media, this will be more complicated. If adjacent cells have
different moisture content and hydraulic conductivity data, then one must insert additional
nodes between the cells and demand continuity of the flow velocity at the interface (White
et al. 1993).

In the solve step one must determine which linear phase the solution is in, and this
is done by partitioning the vertical axis as indicated in Figure 2 by the dotted lines that are
parallel to the line given by d — ch. Hence, the solve step has a loop in it which was not

indicated above. This hidden loop contains the nonlinear nature of the solve step.




Y

Moreover. if there is a large number of linear phases. then the solve step will become more
expensive to compute.

The overrelaxation is used to reduce the number of outer iterations. and the
optimal choice will vary with the number of unknowns. The underrelaxation is used to
avoid numerical oscillations, and this works well for choices between 0.8 and 0.9 The
numerical oscillations are a result of passing from one linear phase to the next linear phase.
This deals with the large derivatives of the data by breaking the changes in slopes into a
number of smaller changes in slope. We found this to be much more effective than the
traditional method of reducing the time step.

We experimented with a number of convergence tests. Finally, we imposed two
conditions:

(i) max{mewh - oldh|<¢ and

@ ffInewo - old6|<s,

The first condition is aimed at possible convergence of the pressure at each node. The

second condition reflects possible convergence of the total moisture, and it is more of a
global test than the first condition.

4. COMPUTATIONS FOR BRINDABELLA LOAM

The purpose of these computations is to see if our model of Richards' equation will
accurately track the movement of moisture through Brindabella loam. We compare our
calculations with the observations in White and Broadbridge (1988). In our numerical
model we considered a 0.3[m] x 0.3{m] region with boundary conditions as indicated in
Figure 1. In the top boundary we used R = 0.0165[m/hr], and the initial pressure was set
as h = -8.0[m). The moisture content function was a linear interpolation of the data in
Table 1. The hydraulic conductivity data indicates a very increasing and concave up

function; consequently, linear interpolation of the data would generate large errors. In the
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calculations presented in Figure 3a we used a linear interpolation of the modified data tor
hvdraulic conductivity in Table 1. we reduced the interior values by SO percent and kept
the two end values at 0.0 and 0.118.

In our computations we set the following parameters at

At = 0.125[hr] Ax = 0.015[m)]

N = 20cells in each dir.] R =0.0165[m/hr]

o =09 o =14

e =104 g2 =108,

Convergence was usually attained in 20-40 iterations. If no underrelaxation was used,
then numerical oscillations would occur about once every 20 time steps.

During the initial times, the hydraulic conductivity is small, and Richards' equation
is dominated by wave like properties. As time progresses the hydraulic conductivity
increases so that Richards' equation is dominated by diffusion. At time 6.0[hr] the steady
state solution has essentially been reached. At the bottom (y = 300{mm]) the porous
media is at saturation (6 =0.485). At the top (y=0[mm)]) the porous media has pressure
such that K(h) = R (B(h) =0.426). At this time the diffusion force is equal to the

gravitational force; hence, no more moisture can enter the porous media.
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Figure 3a:  Computed Moisture for Variable Times

The observed moistures are indicated by discrete points in Figure 3b. These were
for the times of 1.0 (diamonds), 2.25 (triangles) and 5.0 hours (squares). The computed
values give good agreement with the observed values. The computed moisture content
curves are somewhat more smoothed than the observed moisture content data. This may
be attributed to large hydraulic conductivity data; if one reduces the hydraulic

conductivity for smaller pressures, then a sharp front can be calculated to match the
observed moisture content data.




moisture
L J

— T

0 50 100 150 200 250 300
depth

Figure 3b:  Observed Moisture Data for Variable Times
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I s COMPUTATIONS WITH UNCERTAIN DATA

This section contains an analysis of the moisture as a function of the empirical

l data of the moisture content and hydraulic conductivity functions. In practice much of this
data is not precisely known, and therefore, the effects upon the computations from any

' model will have some uncertain aspects. In our numerical experiments we decreased K

. and the computed moisture at the top increased. We also increased 6 and the computed
moisture at the top increased. In the computations indicaied in Figure 4, for time equal to

' 1.25[hr], we decreased K and increased 0, and the largest computed moisture content at
the top was the result. Here we kept the data at the end points of Table 1 fixed and varied

l the interior data by increments of 20 percent. In all computations the computed moisture

l content at the top increased while the computed moisture content at the bottom
decreased. This happens because the sides and bottom do not permit flow through them,

i

i

i

i

and the total moisture must remain constant.
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Figure 4: Moisture and Variable Data

In order to gain some insight on this, it is instructive to examine the finite
difference equation at the top region. In the case of the top center nodes, d has the form

K(h - -
d=%—§--—(z';-12+d where d has form similar to that given in (3).

Figure 5 shows that if I" increases, then the solution of (3) will decrease. Also, if d
decreases, then the solution of (3) will decrease. Therefore, if both I" increases and d
decreases, then the solution of (3) will decrease. If K decreases, then d will increase and
I' will decrease. However, if both K decreases, and 0 increases enough, then I" will
increase. For our choices of At and Ay this is the case. Of course, this is just an analysis

at one grid point, and the argument requires much more careful discussion.
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Figure §: Moisture and Variable Data Analysis

6. COMPUTATIONS USING MULTIPROCESSORS
In the computations reported in this section we tried to implement the above

algorithm on a single CPU with vectorization on a Cray Y-MP, the Alliant FX-40 with
two vectorized CPUs, and the Kendall Square Research KSR1 with up to 16 CPUs and no
vectorization. In the calculations in Silva Neto and White (1993) the vectorization
methods did not seem to work well. These attempts involved reordering the nodes by the
red-black order (checker board order). This method also did not work well for our
current problem. The reason for this is that the inner most loop has computations which
are too complicated to effectively be done on a vector pipeline.

The multiprocessing approach with domain decomposition reordering (White
1987, or Ortega 1988) was much more promising. This reordering is depicted in Figure 5
where L = 4 (the number of larger blocks of nodes) and the classical order of the blocks of
grid points is

F.P.P,.P.F,F, P .
The domain decomposition order lists all the smaller interior boundary blocks first (even
number blocks in Figure 6) and is

F.P.F.R,F,F,P,
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The 1dea behind this reordenng is to take advantage of the S-point finite difference pattern
Once the calculations in the even blocks have been done, then the calculations in the large

odd blocks are independent of one another.

Figure 6: Domain Decomposition Order

Nonlinear SOR Algorithm. Domain Decomposition
for k = 1,maxit
concurrently do SOR over the even blocks
update
concurrently do SOR over the odd blocks
test for convergence

end loop k.

In our calculations we used the Kendall Square Research multiprocessing
computer, KSR1, which is operated by the North Carolina Supercomputing Center. The
KSR1 multiprocessing computer has three parallel constructs that can be used in
FORTRAN code: tile, parallel section and parallel region. Tile is used to partition loops
and is very effective for simple computations such as matrix multiplications. Parallel
section can be used to concurrently execute different code segments. We used paraliel

region which duplicates a code segment and uses different data streams. In our
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computations we controlled the number of processors by using a ream of processors that
are assigned at the beginning of the code and are used to reduce parallel overhead.

Table 2 shows the speedup and efficiency for a variety of L (the number of large
blocks) and N (the number of cells in each direction). These quantities are defined as
follows:

S1. = (CPU time using one block)/(CPU time using L large blocks) and

Ep =SL/L.

In the first four rows N varies and L is fixed. We see increased speedup and efficiency as
N increases. This is a result of decreased parallel overhead. In the last four rows N is
fixed, and L is increased. Here the speedup increases, but the efficiency decreases. Of
course, if there are many larger blocks (L) and the number of cells in each direction (N)
remains the same, then the relative size of the larger block to the smaller block decreases.
This partially accounts for the decreased efficiency. These calculations did not attempt to
make the most efficient use of the FORTRAN language, or the most efficient use of the

KSR1 computer’'s architecture.

Table 2: Speedup and Efficiency

N L S1, El,

20 2 1.56 0.78
40 2 1.68 0.84
80 2 1.75 0.88
160 2 1.78 0.89
160 4 3.16 0.79
160 8 5.09 0.64
160 16 7.29 0.46




7. CONCLUSIONS

Richards' equation was approximated by the finite difference method, and the
empirical data for the moisture content and the hydraulic conductivity were approximated
by piecewise linear functions. The resulting nonlinear algebraic system was solved by a
variation of the nonlinear SOR iterative method. Good convergence properties were
observed for three types of calculations which were chosen to demonstrate the feasibility
of realistic numerical simulations using this method. These included an accurate
simulation of fluid flow in Brindabella loam, a sensitivity analysis of the computed solution
upon the empirical data, and the use of multiprocessing computers via domain
decomposition methods.

In the ‘above calculations the empirical data did not have a space dependence.
However, in White et al. (1993) we illustrated for a steady state and one space dimension
version of Richards' equation that the compact volume method, in place of the finite
difference method, could be effectively used for such heterogeneous problems. The
compact volume method can be viewed as an enhanced finite difference method where
additional nodes are inserted at the cell interface and additional equations are generated by
requiring continuity of the fluid velocity at these interfaces. This may be done for all cell
interfaces or for just those cells where the empirical functions change with respect to the
space variable. We expect the methods of this paper to generalize via the compact volume

method to the more complicated heterogeneous case.
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ATTACHMENT #4 A Compact Finite Volume Scheme for 2-D
Stefan Problems and Vector/Multiprocessor Computers
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A Compact Finite Volume Scheme for 2-D Stefan
. Problems and Vector/Multiprocessor Computers*

' R.E. Wnite', B.N. Borati and A J. K YRILLIDIS®

. Abstract

¢ consider both the compacifinite volume andfinite difference space discretizations of the Stefan problem.

l WThe resulting algebraic systems are solved by nonlinear versions of ADI and SOR. Both algorithms contain
significant parallelism which is demonstraied on two vector/multiprocessing computers, the Alliant FX/40 and

the Cray Y-MP. Numerical experiments indicate that the compact discretization and AD] give the best accuracy

with the minimum computational cost.

Introduction L=15
This report outlines some new numerical methods for the  Stefan Number = 1= (u-uw)L
solution of multiple space dimension Stefan problcm. This ! s
will include both SOR and ADI algorithms for the nonlincar  FO these typical values and the range of u, it is important to
algebraic sysiems which resull from both the FDM and  Polcthat
'compacl spacc discrclizations methos. Analysis of B (E)/E is Lipschitz continuous and

convergence will be discused. O0<s m< BE)ES M where

The ADI algorithms have been introduced because they - _ .
sppear, in many examples, to be more effective than some of m=p (27000))/27000 ~ 270/27000= 1.0£-2
the traditional algorithms related (o the Siefan problem. M= p (27030))/27030 ~ 285/27030 = 1.054E-2

o Morcover, these ADI algorithms, as in the lincar parabolic .. difference M-m = 5.4E-4 is relativel .
. . L -m=J. y small and will be
problems, have large number of indcpendent tridiagonal . i id . L -
.solvcrs. Therefore they can be effectively implemented on important in a mild constraint on the ime interval = A 1.
vector/multiprocessing computers. This is illustrated for  Problem (1) may be dlscrcuzed in the time vanable cither
'Alliam FX/40 and the Cray Y-MP. exvhcnlz' (sce Aﬂ:,cy ) or implicitly (see White%). In the
former, this is a stability condition on A ¢, but there is not a
In this paper, we will use the emhalpy formulation of the  opooer system (0 solve, The implicit time discretizati

Stefan problem. (Sec Rose)’, Elliot” and Whitc?). yields no stability constraint on AT, but it does give a
. E-AB(E)=fon Dx(0,T) nonlincar system (o solve. In White> and Elliof® nonlinear
oo SOR methods have been used to approximate this system
E(x.O) = gnvef\ onD hich has the form
' B (E(x.))= givenon 3D x (0, 2 E+ArAp B)=d
Mhere Where A is an M-matrix associated with —A.
' B(Ey=Kirchoff transformed temperature Later in White®, a modified version of (2) was studied so that
P(E)= u is the **inverse’’ of the enthalpy function more traditional lincar solvers could be used in the solution
= H(u). of (2). The component from of (2) is
ical values are (See Williams and Wilson) n
u.=270 Ei+ At 3, a;BE)=d
=i
= 1.0E+2 ®
k b &)
. ——d | E. = d.
a = 1.OE+3 (Degrees in Kelvin) 3. B+ A'I_?«._ ["u E; ]EI d;

This research was sponsored by the Air Force Office of Scientific =la. ﬂ(
, Boling Air Force Base, D C Convact No. Faps20.89.c. L4 AE) ["u E; ]"“'W“s“’““'"“‘“ form of (3)

wmmdAlmy Ressarch Office, Research Triangle Park, Nccon

No.DAAL03-90-G-0126. E+A(AE)E=d
, NC State University, Raleigh, NC -
NC A & T State University, Greensboro, NC 4. I+ AIAE)E=d

| ;




For At somewhat 1estricted and the above typical values,
AL AE) will be stricty diagonally dominant, and
therclore, nonsingulae. This allows us to detine the following

algorithm:
5 ™'z qgara A d
The convergence of (5) was cstablished by showing for
suitably small At that the map was
GE) = (I + Aty AE™) ' d

contractive. Howcver, numerical cxpcrimcuts on a onc
variablc Stefan problem showed that At constraint note to be

t0o scvere.
This study extends the solution o and ¥ 10 higher
dimensions by considcring ADI splitting associatcd with
A(E).

ADI: One H and V sweep per time step

Let A=H + V, where H and V arc associated with horizontal
grid rows and the vertical grid columns of - A. Then we define

HI(E) = IN(E) = [ Bé )}

)
- E;
V(E) = V(E) = [v,-_ i B—él-)}
]

n(tz)=§+mﬁ(z-:)

E) =é +AIV(E)
Notc 1 + Ar A(E) = NE)+O(E), and for mild constraint on
Al h(E ) ando([-.‘) arc nonsingular and trindiagonal.

This suggests the following nonlmcar verion of the Peaceman
- Ranchford ADI algorithm for{ n.

6.1
2 ko _ _
__E_k_+_A77i_'__E_k+ "(Ek+|/2)E&+I/2=I&+I/2_ V(E‘)
6.2
172
E** A/l;“ s TE Y = T e

At cach time step, k, (6.1) and (6.2) gives a noulincar system
to solve:

7.2 O(E&+|)Ek+|= dk"'-' h(Ek+I/2)Ek+l/‘2

It is usclul to incorporate the ADI acceleration parameter o
which will also alow as o avoid any [urther constraint on At:

AB) = (al+ NEN- (@l- V@)
Then (7.1) and (7.2) give

81
(l+ h(E‘“ |/2)) EXY V2 g 12, @l - (\E"' '/2))E‘

8.2
@i+ PECYE Vo V@l - NE VY pre

Both (8.1) and (8.2) can be solved as in (5). For example,
consider (8.1) with k + 1/2 suppressed and m equals the
itcration index.

Consider
9 (al+ h (E)d

|
10 E"* = @i+ NE™)'d= (I+—h(5")] d

Proposition 1:

Let A, A(E), N (E). 0 (E) be as above. If A is an M-matrix
and P(E) is as defincd above, then A(E), ) (E), 0 (E) are
non-singular for small Ar. Morcover, therc existsa, > Osuch

that for a2 ag"'® converges 1o the unique solution of @,
The prool follows that given in Whitc’® for) and ©,

In practicc au is used as an accclcration parameter and usually
only 3-5 itcrations arc requirced (o solve (8.1) or (8.2). The
schemes in (8.1) and (8.2) do not solve the implicit time step:

E* - Et + + +
" = S ZZ FAEYYE = )

For cach fixed problem in{') there are a number of ADI
schemes with multiple H and V sweeps. We focus on only
onc in the next section,
ADI: Multiple H and V sweeps per time stop
Consider the simple nonlincrar sysu:m(‘) with

AE)E= Ti (E)+ V (E),0r
12 N+ PENE=d

Alter lincarization the multiple H and V sweep ADI
algorithm is

13.1

@/ + N E"NE" 2= d+ (al- D (E™)E

13.2

@l+0@E) eV = d+ (@t~ N (Em) E™H V2

One can solve (13.1) and inscrt it into (13.2) 10 obtain

4. E™*'= §(E™)+ I (E™)E™

If E™! converges, definc E™ * !

provided the spectral radius of H (E™) is less than 1. This is
15. E™*'= (- H(E™) ' 5 (E™)




me (15) forms the outer iteration of our algorithin 1o sulve
).

Proposition 2

Consider (12) and the algorithms (13) - (15). Let the sanc
assumptions hold as in proposition 1. Then there cxists a
®,> Osuchthatifl a2 @, the inncr itcrations (14) converge

10 E™ * Lin (15), and E™* ! converges 1o the solution in
(12).

The proof requircs the spectral radius of H(E) to be unifonnly
bounded below 1.0. This sicp makes usc of monotonicity
pi.-pertics (nonncgative matrices), and it contrasts with the
lincar casc where symmcuric positive definitc matsices are
used.

The above schemes is not the only way to do multiple H and
V sweeps, but it docs allow onc to give a convergence
analysis. The best version of multiple H and V sweeps is not
yet clcar. The numcrical experiments that we have donc
indicate that the Pcaccman-Ranchford mcthod (onc H and V
swecp per lime step) is adcquate.

Numerical Experiments

In this scction we consider the numecrical solution of
E,-ABE)=0

where the domain D= (0,1) x (0, 1) x (0.I/\f2_)

and

el—vli-(xi-y)__ 1 l-'ql'z"(x+y)20
E= '
-1, l—ql-z-(x+y)<0

The spacc variables arc discretized in two ways, the compact
finitc volume (CPT) (Sce Rosc‘), and the traditional
five-point finitc diffcrence method (FDM). The resulting
algcbraic problems arc solved by ADI (onc H and V sweep
per time step) and by SOR. The computations were donc on
two veclor/multiprocessing computers: the Alliant FX/A40
and the Cray Y-MP. The Alliant FX/40 has two processors
cach with a vector pipeline. The Cray Y-MP was uscd as a
singlc processor with a more sofisticatcd vector pipeline and
muh shorter clock cycle time (4 nscc as compared to 170
nscc).

The CPT spacc discretization has a great deal of parallclism
which can bc exccutcd on cither vector pipelines or
multiprocessing architccturcs. The unknowns at the center of
the cells maybe grouped together, and the unknowns at the
boundary of the cells groupcd together. The resulting
cocfficicnt matrix has the form of a two coloring scheme.
Hence onc can exccute the SOR scheme for the CPT
discretization on vector pipclines. Also the CPT space
discretization when solved by ADI methods will have a large
numbcr of indcpendent tridiagonal solvers. Thus, the vector
version of the tridiagonal algorithm may be used.

In the case of FDM spacc discretization, the rraditional red-
black ordering of nodes allows vectorization of the SOR
algorithi. Also, domain-dccomposition mcthods have been
uscd on SOR sn that the two processors of the Alliant FX/40
can be cffectively used. Of course, we can usc the vector
version of the tridiagonal algorithm to solve the FDM when
ADI is uscd.

Table 1 CPT-ADI

Cells 162 322 642
Computcrs
Alliant, scrial 201 1564 122.28
Alliant, vector 102 598 38.63
Alliant, vector, 2 processors  0.57  3.32 21.07
Cray, scrial 0.129 089 6.52
Cray, vector 0062 0.32 1.76

Table 2 CPT-SOR

Cclis 162 322 642
Computers
Alliant, scrial 468 74.44 1155.00
Alliant, vector 261 012 50881
Alliant, vector, 2 processors  1.41 15.99 27091
Cray, scrial 041 6.23 96.24
Cray, vector 01t 106 11.34

Table 1 contains compuling time done for the compact
discrctization and using one sweep ADI algosithm. Both
computers were clfective vectorizers. Table 2 contains
computing limes donc for the compact discretization with
red-black ordering SOR algorithm where w=1.2

Table 3 FDM-SOR

Celis 12 322 642
Compulers
Alliant, scrial 0.82 1293 186.72
Alliant, vector 0.89 1029 12497
Alliant, vector, 2 processors  0.51  5.58 67.35
Cray, serial 0069 105 1548
Cray, veclor 0043 042 4.19




The third table contains computing times for the FDM with
red- black ordering for SOR wherc w=1.2. This mcthod
rcquires more itcrations to reach convergence than docs the
CPT- SOR mcthod.

Alf three methods give good accuracy. The CPT-ADI secms
to be more accurate and less computing ime required for this
and related cxamples.
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Typical values are (See Williams and Wilson [7])

\I( = 210
a; = 1.0E+2
a; = 1.OE+3 (Degrees in Kelvin)

L=15
Stefan Number = 1 = (u - u/L.

For these typical values and the range of u, it is important to note that
BENE is Lipschitz continuous and

0 < m< (BE)/E <M where

m = (B(27000))/27000 ~ 270/27000 = 1.0E-2

M = (B(27030))/27030 ~ 285/27030 = 1.054E-2
The difference M - m = 5.4E-4 is relatively small and will be important in a mild constraint

on the time interval = At.
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ATTACHMENT #5 A Comparative Study of Compact Finite
Volume Methods for 2-D Diffusion Equations with Finite
Difference ADI and SOR
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Abstract

Recently developed Compact Finite Difference scheme
(CPT) is applied to two dimensional diffusion equations.
The relative merits of CPT-ADI are investigated with other
computational schemes such as finite -.ifference method -
ADI (FDM-ADI) and FDM-SOR. The numerical results ob-
tained from these three approaches are compared to known
analytical solutions. The primary interest of this study lies
on vectorization and parallel processing. According to our
results shown in tables 1 CPT-ADI is found to be superior
scheme with regards to accuracy, than both FDM-ADI and
FDM-SOR. It is also fastest algorithm than both FDM-ADI
and FDM-SOR as it is evident from CPU times.

1. Introduction
We shall describe briefly the compact finite difference
method (CPT) for one dimmensional steady state problem.
The extension to 2-D problem may be easily done. The
underlying physics behind this approach lies in solving the
differential equation in isolation from its neighboring
subintervals (i.e. compactly). Then, extend the solution in
the large by means of continuity conditions for the flux and
temperature accross the boundaries of the contiguous
subintervals (See Rose [1)).

We consider here one dimensional steady diffusion
problem:

D.E.

)
2
3

.
.

u'=f
f'=u
f=g

B.C.
forXelandI=[I_, I+]

Divide the interval 1 into m nonoverlaping subintervals:

*  This research was sponsored by the Air Force Office of
Scientific Research, Bolling Air Force Base, D. C. Contract No.
F49620-89-C-0010 and Army Research Office, Research Triangle
Park, N. C. Contract No. DAAL03-90-G-0126.

0-8186-2663-8/92 $03.00 © 1992 IEEE

76

Ij=<xlxj_1_5x5xj,,1_.
2 2

with center points X;s FI2312,... M - 12 and interior
endpoints X, i=12,.. M -1. We shall adopt the finite
difference notations Ax; = X; 4 1 - X; .12+ by = Ax/2 and
u(i) =u; We also denote:

I, = {1/2, 3/2,.... M - 1/2} (center points)

I, = {1.2,... M - 1} (interior endpoints)

Ax Ax
e e
%1 ] ’jog- UTS) ﬁog-
Fig. 1.

The discrete equations for (1) and (2) can be written as, for
jele,

@ U, L-Y_1=A4xf
2 2
(52) ¢+L-¢j=h; b+l
and ¢5-¢-L=hju 1
(5b) 2 2

Next, it is required that both u and f be continuous across
every endpoint common 10 two intervals:

[u]i=[¢]i =0 for ie L.




Using this conunuity condition. [u]i = 0 in terms of ¢ we
n+
have

1
(8a) u 2-u;
¢i- 0. ¢

= n
0 —= F 2+G
hi..L h,

2

N|-—

1-
2
14

L
;— (8b) u{fj‘-’l »ul 2

n+l

= F 2 + GI'I +1
and in the case of equal intervals, which reduces t0

where F and G ; are standard finite difference expressions

for uy, and “yy respectively and T = AY2. Using the
standard finite difference scheme we get the following

Gisl+6i.l

(6) Py =.._2_2_.l, i € I (endpoints)

Now from (4) and (5) we get,
(Ta) ¢,-+§-2¢j+¢j.%=2hff,-. ieL
and from (6)
(7o) ¢+l-20j+¢.1=0 icL

The equations (7) and the boundary conditions lead to

determined system of algebraic equations for the values of ¢.
These equations lead 10 a tridiagonal system of equations
which is, therefore, solved by Thomas algorithm.
The extension to two dimensional scheme may be easily
done. Two dimensional stencil is shown in Fig. 2.

-8 ol
L et + LYSYTY 8 l
] [ ?
LYY S
—i -
A
Y h“;q, B, -.10§n 8%y -
Ny
l‘u-% "ﬁ-u-%
M
Az
i
hx
Fig. 2.

Consider the two dimensional diffusion equation u, = u,,
+Uyy. The compact ADI method is given by equations (8)
-(10):

equations

+L +1 1
) -u 2 +(a+2)u 2 - u'”lz
-Lj iLj j

uf.j_l+(u-2)uf',--\l}"j+|
4(Ax)2
Lj=13,.,2M-1, a=——"- Ax=Ay
At
10 uprh +(@+2)urt!-urtl) =
L +1 1
uf'+2_+(a-2)u 2 - u“z
i-1,) +1Lj
ij=13,..,.2M-1
and the continuity conditions are
1 L 1
(%a) a2 +2u”2 w2 =0
i-1,j i+l
L,j=2,4,.. 2M-2
(10a) -u"'”1+2u‘“'l 2;4_11 =0
ij=24,.,2M-2

The two algebraic systems (9), (9a), and (10), (10a) can
be solved by the tridiagonal algorithm.

2. Numerical experiments

One of the primary objectives of this project is to
vectorization of 1-D and 2-D diffusion problems. We
vectorize the 2-D heat equation for the Cray Y-MP using
red-black SOR algorithm.

We consider one analytical solutions for the following
diffusion equation and compare them with respective




numerical solutions. The results are recorded in tables 1.
The two dimensional diffusion equation is u; = u,, + Uyy

+f(x,y.1). 0 < x< 1,0 <y <1, t > 0. The following analytical
solutions are considered.

u(x.y.0) = 100x(1 - x)y(1-y)e™, and f(x,y.0) = 200(y-y? +
x~x2) - 100( x~x2)()'-y2e't

All the problems mentioned above are associated with
Dirichlet boundary conditions.
The CPT-ADI is compared with FDM-ADI and
FDM-SOR. The functional errors in the method is O(h2) as
expected and derivative error is of O(h). The result is shown

intable 1.
FDM-ADI At =Ax2
No. of No.of| CPUTime| MaxFct |Max Derivative
Hx=hy celld iters (sec) Ermor Error
16 128 0.76 4.5924E-03 | 1.01704E-02
32 512 6.15 1.1469E-03 | 5.24588E-02
64 2048 4948 2.8667E-04| 2.66432E-02
CPT-ADI At=Ax
No. of No.of] CPUTime| MaxFet {Max Derivative
Hx=hy ce iters (sec) Ermor Ervor
16 16 1.183 5.3563E-03 | 5.33550E-03
32 32 9.26 1.3391E-03] 1.3390E-03
64 64 73.23 3.3479E-03] 3.3477E-03
FDM-SOR At=Ax
No. of No.of |CPUTime|{ Max Fct [Max Derivative
Hx=hy cel iters (sec) Error Error
16 w=165] 2.10 3.5050E-03| 5.869E-01
960
32 =180 36.73 2.155E-03 | 2.940E-01
64 33?285 473.18 |9.5737E-04] 1.469E-01
w=1.
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3. Concluding remarks

The x. y domains are devided into 8. 16, 32 and 64 cells
and in each case, the starting time is taken to be 0 and the
final time is 1. The relation between time siep and space
step varies among FDM-ADI, FDM-SOR and CPT-ADI
schemes. We assume all the material constants are equal 10

unity and Ax = Ay. In case of FDM-SOR and CPT-ADI. Ax

= Ay = At and however in case of FDM-ADI, At= (Ax)z.
This is the disadvantage for FDM-ADI. For example, when
Ax = 1.5625E-2, At = 4.883E4 and it would take 2048
iterations to reach time 1. However, CPT-ADI and
FDM-SOR are free from this difficuity. But SOR also has a
different disadvantage. Each time step, FDM-SOR takes
large number of iterations to converge to a preassigned
level. With 64 cells CPT-ADI requires only 64 iterations to
reduce the error level to 3.34792E-03, where as FDM-ADI
requires 2048 iterations to reduce the error level to
2.86671E-04 and FDM-SOR requires 3,392 iterations to
reduce the error level to 9.57374E-04.

As CPT algorithm requires more points evaluation per
iteration, it is obvious that CPT requires more CPU time
than FDM-SOR or FDM-ADIL.

Acknowledgments: Thanks to M. E. Rose for his many
valuable suggestions for the completion of this paper. Also
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Abstract

A recently developed Compact Finite
Ditference Scheme is applied to 3-D
diftusion equations. The relative merits of
CPT - AD! is compared with two other
computational schemes such as Finite
Difference SOR and Finite Ditference ADI.
The numerical results obtained from these
three schemes are compared to known
analytical solutions. The primary interest
of this paper lies in vectorization and
parallel processing. CPT-ADI is the fastest
algorithm than both FDM-AD! and FDM
-SOR as is evident from the CPU times.

1. Introduction

We shall briefly describe the Compact
Finite difference scheme for a 1-D steady
state problem. The extension to a 3-D case
maybe easily done. The idea behind
this approach is to solve the differential
equation in isolations from its neighboring
subintervals (i.e. compactly) and then
extend the solution in the large by means of
the continuity conditions for the flux and
the temperature across the boundaries of
the contiguous subintervals (See Rose[1]).

We consider here 1-D Steady diffusion
problem :

(1) D.E. u=f

(2) d'=u

3) B.C. O=g
0094-2898/93 $03.00 © 1993 IEEE

for XelandI={1..L].

Divide the interval I into m nonoverlapping
subintervals:

L={x/xjap<x< Xj+122}

with ccmer. points
Xj , J%’%’%’ . Mjl'

and interior endpoints
x j » j=l‘20'0“0'. M“l
We shall adopt finite difference notations

ax; = X;41-% _§. h;=4%
and u(i) = u; . We also denote :

I ={}43. ... M3} Center Po ints)

I, = {123, ... M-1} (inte rio r endpoints)
i
——t——

¢. 9. ¢ ¢ ¢
J-% j J+.§ M o2

Fig. 1
The discrete equations for (1) and (2) can be
written as , forje L.
@ U f-uyf =Axf;

(Sa) Pi+4=®; =hjuj.l




and

(5b)  ¢;j-0;.1 =hju; |

Next , it is required that both u and f be
continuous across every endpoint common to
two intervals :

[u)i=[o] =0 foricl,

Using this continuity condition , {u];= 0, in
terms of @ we get

?i-9; -1 _‘P‘u{,—"?i
hi-l — hi.

and in case of equal intervals, this reduces to

Pi+d+0; _
6) 9o; = Ay—i iele (endpoints)

Now, from (4) and (5), we get

(72) @;.,) - 20;+09;_ = 2h3f;, ielg
and from (6) we have

() @541 -20;+09;_1=0.icle

The equations (7) and the boundary
conditions leads to a determined system of
algebraic systems for the values of ¢, which
can be solved by Thomas Algorithm.

The extension to a three dimensional
scheme may be done easily .
Three Dimensional stencil is shown in
Fig. 2.

Consider the 3-D diffusion equation u, = u,, -

Uy + Uz;. The Compact ADI method is given
by equations (9) - (12) :

1

uwd -l :
(ga) l.J-kﬁ 1.]). =2Fin,j.k +G:\:Ik
1 -
s g0 5
@by ik Ul oned o
T = Vi T g
u!".% -u. <

(B) —Llbg LDk o Gig o

uy, J k"um%

(8d) el

G?:}k + 2FY

where F; j k. G, j.x and H; j x are finite
difference approximation to u. .u,y and u,,
respectively and o—ﬁl. Using the standard
finite difference scheme, we get the folllowing
equations :

©) -lyu;';% (l+21y)u“"7 kyu“"}

-1k

=2y ul,y xt (1400l v+ Axulty. ¢

ijk=13, ....2M-1, A, = A, = 4.0, Ax=Ay=Az.

10) -2, ui,j Aot (1+44,) “::%k -2\, u?.;-,%k—l
=ky “3%1 g+ (-2hy) “z.flk +y “:;%1 k

ijk=13, ...2M-1, A, = A, = 4.0, Ax=Ay=Az

(11) —Ly u:;% (l+21.y) u'"'i'k -A.y u"‘%l K

=-22, Y Ar® (1-41) u:;"&k— 2, “ir;..&k-l

ijk=13, ...2M-1, A, = A, = 4.0, Ax=Ay=Az




(12) =2hguftly gr U= diulirth - 22wl ok
-k u"""i +(l- ly) u"*"i +A.‘ u fl K
u.k-l3 oM, A== 40, Axeay=Az

and the continuity conditions are

(%)-u"*i' + 2™ - -0

j+l.k i),k l,j—l.k

(10a) —u?j’%kﬂ-r Zui:"%k—u;"#k_ | =
(11a) — ‘*’% +zu'"% u'“%

(128) ~uf; o+ 200 -y i =0

ijk=24, ....2M, Az = Ay= 4.0, Ax=Ay=Az
The four algebraic systems (9).(9a).(10),(10a).
(11),(11a) and (12) & (12a) can be solved by
the tridiagonal algorithm.

The Finite Difference ADI euations for 3-D
diffusion equation are given below:

Hen:o=-%—t.

Using the standard Finite Difference scheme
we get the following equations :

i o (92, - M

(16) = xyu:jvo-l.k + ;‘Y“?.j- Lkt A ket
A7 5 g1 H1-2Ay =20 uf ;o

-(1+61)Utemp upl

- -~ -~

~ ) - n—= -
—Ay < 3 =AU S
A.\ulj"l L*"l? .‘mx._;.k /.‘ux.)-l.k

1
n43- N
+kxui_l‘j‘k+l UA'»

an -%.xu A el

+1.j. k
!
+ ;‘z“?.?.k-l H1-2h5 = 20, )u 3,

lz Lj. k+l +(1+zl7)uxj k™ }‘zu?:l k—l
(18) -—A.,‘u"*{J k+l,u'“‘5 +A.yul 3k
M ;‘y“??- i HI= 2 - %)uhﬁk

Finally , the Finite Difference SOR scheme for
the 3-D Diffusion Equation is given below :

k+Atff,““J +
Mu ', k+“1—l k+“:+11 k
"'“i“,,lk"'“ k=1+015 ke1)

uR"jl‘k = (1—0)) u{'fj'k +(I)U¢mp’ lsws2,

Here A = 4.0 and m is the iteration index.

2. Numerical Experiments

One of the primary objectives of this project is
to vectorization of the 3-D problems. We use

red-black SOR algorithm to vectorize the 3-D

heat equation for the Cray Y-MP.

We consider one analytical solutions for the
following diffusion equation and compare
them with ive numerical solution. The
results are recorded in Table 1.

The 3-D diffusion equation is u, =u,,+uy,
gz + f(xyz),0<x<1,0<y<1,0<2<1,
t>0.
The following analytical solutions is
considered: :
u(x,y.z.t) = 100x(1-x)y(1-y)z(1-z)e-t and
f(x.y.z.t) =(200((y-y2Xz-22+(y-y2)(x-x2r
(z-22)(x-x2)) - 100x(1-x)y(1-y)z(1-2))e~t

All the problems mentioned above
are associated with Dirichlet boundary
conditions.




The CPT-AD] is compared with FDM-ADI
and FDM-SOR . The Functional errors in
the method is O(h?) and derivatve error

is O(h). The result is shown in Table 1.

CPT-ADI
# of iter [CPU Time Max Fct  { Max Der
cells (sec) Error Error
4 4 0.0042 0.0685 02828
8 8 0.0912 0.0341 0.1326
16 16 23406 0.0046 0.0159
FDM-AD]
#of | iter |CPUTime | MaxFct | Max Der
cells (sec) Error Eror
4 16 0.012 0.00977 0.6179
8 64 0.366 0.00241 0.2974
16 256 10.72 0.00006 0.1461
FDM-SOR
#of | iter |CPUTime | MaxFct | Max Der
cells (sec) Emor Emor
om
4 1.45 0.0043 0.00318 0.584
3
8 0.1008 0.00103 0.2909
1.55
304
16 3.158 0.00025 0.1449
1.75
Table 1

MaxError

0.06f

0.04}

% of Cells
12 16 20 24

The curve (1) is for the CPT-ADI
scheme, curve (2) is for the FDM-ADI
scheme while curve(3) is for the FDM
-SOR scheme.

MaxDerError

© O 0O O 0o o o
. . L] [ ] L[] . L[]
NN W e Uty W

# of Cells
8 12 16 20 24

curve (1) above shows the graph of the
maxder error Vs. the number of cells for
the CPT-AD] scheme. Curve (2) shows the
graph of maxder error Vs.number of cells
for the FDM-SOR scheme and curve(3)
shows the graph of maxder error Vs. the
numbser of cells for the FDM-ADI scheme.
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Figure 3
curve (1) is for the CPT - ADI scheme,
curve (2) is for the FDM-SOR scheme and
curve (3) is for the FDM-ADI scheme.

3. Concluding Remarks

The x, y, and z domain are divided into 4,
8 . 16 cells and in each case, the initial time
is taken to be O and the final time is 1. We
assume all the material constants to be equal
to unity and Ax = Ay = Az. In case of FDM-
SOR and CPT-ADI, Ax = Ay = Az =At and
however in case of FDM-ADI , At = (Ax)2.
This is the disadvantage of FDM-ADL
However, CPT-ADI and FDM-SOR are free
from this dxﬁiculty But SOR has a different
disadvantage, for each timestep, FDM-SOR
takes large number of iterations to converge
to a preassigned level. With 16 cells , CPT-
ADI requires 16 iterations to reduce the
error level t0 4.59 E -3 , whereas FDM-ADI
requires 256 iterations to reduce the error
level to 6.0E -4, whereas FDM-SOR
ires 304 iterations to reduce the error
level to 2.4872 E4.

In comparing CPU times among all the

three approaches, it is found that CPU time
for FDM-ADI is the worst For the
problem with 16 cells, CPT-ADI takes
only 2.346 sec. However, FDM-ADI
approach takes 10.72 secs for the same
problem.

In terms of derivative errror, CPT-ADI
is the best. it is close to the order of O(h2).
The error analysis for the three appmaches
are shown in Figure 3.

References

[1] Rose. Milton E. Compact Finite Volume
Methods for the Diffusion Equation.
Journal Scentific Computing. Vol 4, No.
3. Sept. 1989. pp 261 - 290.




